To study the effects of shear stress on the mechanical and seepage properties of gas-bearing coal in three-dimensional stress conditions, a novel true triaxial apparatus (TTA) was developed for the rigid loading of the major principal stress σ 1 and the intermediate principal stress σ 2 , and for the flexible loading of the minor principal stress σ 3 . Both the upper and lateral pressure heads do not interfere with each other when loading σ 1 and σ 2 . The control and measurement of gas flow sealed effectively in coal samples were achieved by using a gas seepage system. The TTA was used to perform a series of experiments on shear seepage in coal samples under true triaxial stress conditions. The experimental results about coal's shear failure modes, shear stress-shear displacement curve, and permeability-shear displacement curve all showed that the TTA with its better accuracy and reliability had advantages in studying the effects of both the intermediate principal stress and shear deformation on the mechanical properties of coal samples and on the characteristics of gas seepage. Thus, it could provide a new test means for further studies on shear-induced seepage in the gas-solid coupling coal.
Introduction
Coal and gas outburst is an extremely complex gas dynamic phenomenon encountered in the production of underground coal mines and characteristic of a sudden eruption of a large amount of gas and coal towards the roadway or stope within a very short period of time [1] . When coal and gas outburst occurs, the process that coal mass is gradually damaged and thrown out from shallow to deep is mainly controlled by the distribution of stress in the mine wall as well as the tensile and shear damages induced by gas pressures in pores and fractures to the coal mass; and with these damages continuously developing, the coal mass of the mine wall becomes mainly subject to shear failure that affects coal's mechanical properties and permeability [2] . Therefore, a good understanding of the effects of shear failure on the mechanical properties and seepage characteristics of coal is important for gaining insight into the coal and gas outburst mechanism.
Coal seams prone to coal and gas outbursts are highly risky for field trials; therefore, the simulation test is an effective means to explore the mechanisms of coal and gas outburst. The compressive strength as well as the deformation and permeability of coal and rock have been studied by means of different types of conventional triaxial apparatus [3] [4] [5] [6] [7] [8] [9] [10] . Chen et al. and Liu et al. studied the damage development and permeability in the reconstituted coal specimens during stress unloading using a coupled "mechanical-permeability" system [11, 12] . Wang et al. studied the deformation and gas flow characteristics of coal-like materials under conventional triaxial stress conditions [13] .
However, the conventional triaxial tests often neglect the effects of intermediate principal stress and cannot reflect the actual complex ground stress conditions. Therefore, many scholars have developed true triaxial apparatus and carried out a large number of compression seepage tests [14] [15] [16] [17] [18] [19] [20] [21] . The effects of the intermediate principal stress on the mechanical properties of coal mass were explored through the true triaxial devices [22] [23] [24] [25] . Li et al. studied the permeability evolution of shale under anisotropic true triaxial stress conditions using a self-developed multifunctional true triaxial flow-solid coupling test system [26] .
In addition, a variety of shear-seepage coupling test devices have been developed to explore the effects of shear deformation on coal mechanics and seepage characteristics [27] [28] [29] [30] [31] [32] [33] , which are usually limited to the liquid seepage media. Wang et al. carried out shear-fluid coupling tests for rocks under different boundary conditions using an improved numerically controlled shear-fluid coupling apparatus [34] . Xu et al. studied the evolution process of shear microcracking, expansion, and macroscopic failure of gas-containing coals under the compression-shear load condition using a self-developed microscopic shear testing device for coal rock [35] . Other scholars have combined numerical simulation with physical experiments to study the motion of microfluids in pore fractures [36] [37] [38] [39] .
Although the above-mentioned tests on coal and rocks advanced our understanding of outburst mechanisms, studies on the effect of shear failure on the mechanical properties and gas flow characteristics of coal under true triaxial stress are very rare. Thus, we independently developed a novel true triaxial apparatus for the gas-solid coupling coal shearseepage test. Our equipment is mainly to study the mechanical properties and permeability characteristics of coal bodies under three-dimensional shear forces. That is, the primary cracks and pores in the coal body undergo compression deformation when subjected to different effective stresses, which affect the flow of the inside microfluids. In addition, the device can also study the adsorption and desorption of microfluids in the pores of coal, and its effects on the deformation, shear strength, and permeability of coal, especially methane, carbon dioxide, nitrogen, and other gases.
Overall Designs of the Novel True Triaxial Apparatus
The apparatus consists mainly of a true triaxial pressure cell, a hydraulic servo system, a gas seepage system, and a monitoring and control system, as shown in Figure 1 The apparatus can be used for conventional triaxial and true triaxial shear and compression seepage tests of coal and rock under three-dimensional unequal stress and pore pressure conditions.
True Triaxial Pressure Cell.
The true triaxial pressure cell is the core component of the apparatus providing the necessary three-dimensional stress for experimental tests and the operational basis for the in-hermetic seepage system. It contains true triaxial pressure cell frames, a major principal stress (σ 1 ) applying system, an intermediate principal stress (σ 2 ) applying system, and a minor principal stress (σ 3 ) applying system. Figure 2 shows the schematic diagram of the true triaxial pressure cell, and Figure 3 shows the interior structure of the true triaxial pressure cell. Figure 2 (a), the major principal stress (σ 1 ) applying system uses the rigid applying mode. By injecting oil into the hydraulic cylinder 6, the pressure in the hydraulic cylinder rises and the piston rod 7 is pushed downwards, so that the upper transition plate 8, spoke-type weight sensor 9, the lower transition plate 10, and the upper pressure head 12 are moved downwards, thus applying stress on the specimen of coal body 17.
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Major Principal Stress Applying System. As shown in
2.1.3. Intermediate Principal Stress Applying System. As shown in Figure 2 (a), the intermediate principal stress applying system consists mainly of a hydraulic oil cylinder 6, a piston rod 7, a lateral pressure head 14, a guide pressure block 15, two pressure blocks 16, and three nitrile rubbers 18.
The nitrile rubber and the pressure block are alternately superimposed on the lateral pressure head, and the guide pressure block is located at the top, as seen in Figure 4 . The guide pressure block, pressure block, nitrile rubber, and lateral pressure head as a whole unit apply the stress σ 2 on the coal specimen. When applying the major principal stress, the upper pressure head 12 and the transfer pressure slider 11 move downward simultaneously, making both the coal specimen 17 and the nitrile rubber 18 shrink in the same amount. The upper pressure head 12 and the guide pressure block 15 always maintain a certain height difference, thus avoiding the interference with each other between the σ 1 -direction pressure head and the σ 2 -direction pressure head when applying σ 1 and σ 2 . Figure 2 (b), the σ 3 -directional stress is applied to the coal specimen through high-pressure hydraulic oil. During the test, firstly, hydraulic oil is injected into the true triaxial pressure cell through the oil pump; after approximately full filling, the cylinder and cover of the true triaxial pressure chamber are fixed by bolts, then the metering pump of the hydraulic servo system continues to inject oil into the true triaxial pressure cell, making the pressure in the cylinder rise gradually, thus the stress in the σ 3 -direction of coal specimen is applied. Figure 5 shows the photos of injecting hydraulic oil into the true triaxial pressure cell.
2.2. Hydraulic Servo System. The system is the power source of σ 1 , σ 2 , and σ 3 . It is equipped with a set of high-pressure oil source and four independent sets of metering pumps with constant speed and constant pressure to provide σ 1 , σ 2 , and σ 3 . A metering pump has a series of operational modes as the tracking mode, constant pressure mode, constant speed mode, manual mode, and position mode. The servo system can automatically control the pump's operation and ensure real-time acquisition of the technical parameters of the metering pump including pressure, flow, and in-pump and off-pump volumes. Figure 6 shows the metering pump for constant speed and constant pressure.
2.3. Gas Seepage System. The system consists of a highpressure gas cylinder, a pressure-reducing valve, gas conduits, and other components. The test gas is introduced from the high-pressure gas cylinder, first entering the cylinder of the true triaxial pressure cell after passing in turn through the pressure-reducing valve, a gas conduit, the upper pressure head, and another gas conduit, then flowing over the coal specimen and out the lower pressure head, and last discharging to the outside after passing through the mass flow meter.
In order to tightly seal the rectangular cubic coal samples, a ring of circular groove is placed outside the honeycomb holes of the upper pressure head, and an O-ring sealing washer is placed into the groove to ensure gas tightness. In the experiment, the upper and lower pressure heads as well as the coal sample are bonded into a whole using No. 704 silica gel. Then, the whole package is fixed using the heat shrink tube, firmly fastened using the adjustable steel wire fastener, and installed into the true triaxial pressure cell. The seepage system can bear a maximum gas pressure of 3 MPa, as proven after a series of testing. Figure 7 shows a well-sealed and installed test piece.
Monitoring and Control
System. The experimental data are measured using various precision sensors. σ 1 is detected using the spoke-type weight sensor. σ 2 and σ 3 are obtained using the pressure sensor and converted to standard electrical signals. The strain components ε 1 and ε 2 in the σ 1 and σ 2 directions are measured using the differential-transducer type high-precision displacement sensor, and the strain component ε 3 in the σ 3 direction is measured by the custom-built extensometer. The gas flow is measured by the highpressure-resistant D07-11CM-type mass flow meter. The data measured using various sensors are sequentially sent to a computer, displayed, and stored using DHDAS software and analyzed using the DH5923 analysis system. Since the data are continuously and automatically collected, they are guaranteed to be reliable. 4 Geofluids
Materials and Methods
The basic parameters of the coal seam are as follows: coal moisture content of 1.14%, dry ash basis of 15.23%, dry ashfree basis of 10.41%, consistent coefficient of 0.21-0.38, porosity of 9.48%, gas adsorption volume constant of 33.68 m 3 t −1 , and gas adsorption pressure constant of 1.25 MPa −1 . Because No. 8 coal seam has a soft texture and is prone to fragility, the raw coal samples are very difficult to process. Thus, briquette samples were used in the experiment. Pulverized original coal samples were sieved to obtain a total of 2.55 kg equivalent coal powders of 20-40 meshes and 40-80 meshes. After being uniformly mixed with water, the coal powder mud was shaped in the specially designed specimen molds for 30 min at the shaped pressure of 100 MPa using a 100 t press and prepared as rectangular cubic samples of 100 mm × 100 mm × 200 mm in size. The processed samples were placed in an 80°C oven for 24 h and wrapped with plastic film for testing.
Experimental Design.
The shear-seepage tests of coal under true triaxial stresses were performed using the true triaxial apparatus. First, the major, intermediate, and minor principal stresses σ 1 , σ 2 , and σ 3 were applied to the preset values and kept invariant. Then, gas was filled with inlet pressures of 0.5 MPa, 1 MPa, and 1.5 MPa. Once gas adsorption reached equilibrium, σ 1 was continuously applied to the specimen until it failed. Table 1 shows the loading parameters.
The permeability of the shale is continuously calculated as [40] 
where K is the average permeability of gas (m 2 ), q is the velocity of gas seepage (m 3 /s), μ is the dynamic viscosity coefficient of gas and usually taken as 1.087 × 10 −11 MPa·s, L is the length of the coal sample (m), P n is 1 atm, A is the cross-sectional area of the sample (m 2 ), P 1 is the pressure of gas at the inlet (MPa), and P 2 is the pressure of gas at the outlet (MPa). Figure 8 shows the photos of briquette samples after being subjected to shear seepage tests. From the figure, it is clear that coal samples suffered significant shear failure under the action of true triaxial stresses, showing the shear planes with a 63°angle to the horizontal planes. 5 Geofluids Figure 9 shows the directions of the applied stresses with respect to the fracture orientation. The sliding direction is on the σ 1 − σ 2 plane, perpendicular to the σ 3 axis. As a result, the shear stress (τ) and shear displacement (d s ) can be determined as follows:
Results and Discussion
where σ 1 and σ 2 are the major and intermediate principal stresses, d 1 and d 2 are the specimen displacements monitored in the direction of σ 1 and σ 2 , and β is the angle between σ 1 and σ n directions. For all specimens, angle β equals to 63°a nd no shear stress on the σ 2 − σ 3 plane. Figure 10 shows the shear stress-shear displacementpermeability curves of coal samples subject to different intermediate principal stresses and gas pressure. The following can be seen from the figure. First, the shear stress displays a nonlinear growth. The primary microscopic pores and fractures inside the coal specimen are gradually compacted to closure, leading to a decrease in porosity and gas seepage passageways. Therefore, the gas flow is blocked and gas permeability displays a gradual decreasing trend. Second, the shear stress approximately displays a linear growth. The primary microscopic pores and fractures are further compacted to closure, resulting in a further reduction in porosity and a continuous lowering in permeability. Then, the shear stress continues to increase, but its increasing rate gradually decreases. The specimen gradually begin to produce shear cracks. But because the shear cracks do not cut through, the gas seepage passageways continue to narrow down, further decreasing gas permeability to its minimum when reaching the peak shear strength. Last, the specimen is in the rapid stress falling stage, and the shear cracks gradually penetrate and form a macroscopic shear plane. The number of gas seepage passageways increases, leading to an upward trend in permeability. However, due to the squeezing, pressing, and dislocating of coal particles, gas seepage passageways are blocked or clogged, resulting in only a slight increase in permeability. Figure 11 shows the changes of peak shear strength and initial gas permeability under different intermediate principal stress and gas pressure. It is obvious from the figure that the peak shear strength of coal specimen increases linearly with the increase in intermediate principal stress, while the initial gas permeability decreases linearly with the increase in intermediate principal stress. When the gas pressure is 0. 13 .5% and 28.3%, respectively. Therefore, the greater the intermediate principal stress, the greater the coal's peak shear strength, and the smaller the initial gas permeability. Figure 11 also shows that the gas pressure significantly affects coal's mechanical and seepage characteristics. When the intermediate principal stress and the minor principal stress are 4 MPa, with gas pressure increasing from 0. , by 17.2% and 25.7%, respectively. Therefore, the greater the gas pressure is, the smaller the coal's peak shear strength and the initial permeability.
Conclusions
This paper particularly introduced a novel true triaxial apparatus and used it to study the characteristics of shear-seepage of coal under true triaxial stresses. The (a) Gas pressure is 0.5 MPa 7 Geofluids apparatus can use its hydraulic servo system to independently provide three-dimensional stresses and have good air tightness and stable operational performance under gas pressure, making the study of shear-seepage properties under true triaxial stress conditions a reality. Under different intermediate principal stress conditions, the coal specimens were subjected to significant shear failure with the shear planes at the angle of 63°. The shear stress loading has gone through different stages, and the permeability increases slightly after rapidly and slowly decreasing and eventually reaching equilibrium. The greater the intermediate principal stress, the greater the coal's peak shear strength, and the smaller the initial gas permeability. The greater the gas pressure, the smaller the coal's peak shear strength and the initial permeability. The results demonstrate the effectiveness and reliability of the novel true triaxial apparatus.
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